A study to compare Dvorak parameters (T-number and CI-number) for tropical cyclones over the western North Pacific in both JMA and JTWC datasets from 1987 to 2006 is presented to show if there is a difference between two datasets. The study shows that the Dvorak parameters by JTWC are generally higher than these by JMA during the period of 1992 1997 and 2002 2005. The major reasons for stronger cases in JTWC are "faster intensification before the mature stage and slow /delayed start of weakening after the mature stage".
Introduction
To estimate tropical cyclone (TC) intensity, Dvorak technique (1975 Dvorak technique ( , 1984 has been widely utilized in many operational centers. Over the Atlantic, the in-situ observations for TCs have been carried out by the reconnaissance aircrafts to check the performance of the technique (Velden 2005) . However, over the western North Pacific, after 1987, the technique using the Geostationary Meteorological Satellites is the only available method to estimate the intensity.
Two Dvorak parameters, T-number and CI-number, are operationally estimated, based on the cloud pattern recognition using visible or infrared imageries of the geostationary meteorological satellites. Both numbers are the same before mature phase of TCs, but after mature phase we add some correction number to the Tnumber to get the CI-number. Then the CI number is converted to the TC intensity from the conversion table in each basin. Thus, over the western North Pacific the intensity estimation of TCs is much harder in the absence of any aircraft verification data. This difficulty would give us large uncertainty in TC intensity estimation over the western North Pacific, especially in the TC intensity trend analyses over the basin.
There are many papers, discussing the long-term trend of TC intensity over the globe (e.g., Webster et al. 2005; Emanuel 2005; Kamahori et al. 2006; Wu 2006; Kossin et al. 2007 ). For example, Webster et al. (2005) showed that the intense TCs with Category 4 and 5 are increasing over all basins, and utilized the Joint Typhoon Warning Center (JTWC) over the western North Pacific. However, Kamahori et al. (2006) showed a decreasing trend in the JMA data. Thus, there is a mystery about the origin of such a difference. There seem to be several possible error sources, such as 1-minute average wind in JTWC vs. 10-minute average wind in JMA, or different conversion tables from Dvorak parameters to the maximum sustained wind or mean sea-level pressure in both databases, as shown in Table 1 . The current conversion table at the JMA is based on Koba et al. (1990) .
In Table 1 , the central pressure estimate by Koba et al. (1990) is similar to that by Dvorak (1975) in higher CIs and that by Dvorak (1984) in lower CIs. However, the maximum winds are very different from each other, when the CIs are greater than 4.5.
Thus, in this study, as a first step, we have examined two datasets of JTWC and JMA, whether the Dvorak parameters are similar or not. T-number is the key index, obtained from the Dvorak technique using visible /infrared satellite imageries and CI-number is the "current intensity" number, indicating the final index for the TC intensity including the modification factor due to the weakening of the TC after the mature stage.
We assume that the Dvorak technique is an objective method and we must get the same numbers when we use the same satellite imageries. If we get the same Dvorak parameter numbers but there are still TC intensity differences among datasets, then we can make further analyses to understand the influence of the conversion tables or 1-min/10-min averaging for maximum sustained winds. If we don't get the same numbers, we have to find out the reason and we must realize that it is too early to discuss the long-term trend of the TC intensity before understanding the reason.
Data and analysis method
The databases we used in this study are as follows, from 1987 to 2006. -JTWC Automated Tropical Cyclone Forecast System (ATCF) dataset over the western Pacific (See http:// www.nrlmry.navy.mil/atcf_web/docs/database/new/ newfdeck.txt) -JMA operational TC dataset, which has been used only for operational purposes Although the JMA operational dataset has only one data source, based on Koba (1990) , the ATCF dataset includes many different data sources, such as several sites of Dvorak parameters, estimated by the original method, objective methods or direct microwave methods. We extracted the JTWC data from the original ATCF dataset to compare with the JMA data.
Up to 1987 there were reconnaissance flights by U. S.
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Tetsuo Nakazawa and Shunsuke Hoshino Meteorological Research Institute, Tsukuba, Japan We first matched up the data of the same TCs and compared T-number and CI-number in both datasets. The total number of the match-up data is 10,714 in 473 TCs. We also compared the maximum T-number and CInumber during the life cycle of the TC, and the interannual change of the difference in T-number and CI-number between the JTWC and the JMA dataset.
Results
All match-up Dvorak parameters in 20-year datasets
Examples of the temporal variation of the Dvorak parameters of Typhoon Chebi in 2006 and Typhoon Kyle in 1990 are shown in Fig. 1 . Figure 1 indicates that CI-number estimates in the two datasets (JMA by black solid line, JTWC by red solid line) are similar, and there is a bias after the mature stage in November 10. That is, the CI-number in JMA (CI_JMA) tends to reduce quicker than that in JTWC (CI_JTWC). The similar tendency is also found for T-number. The T-number in JMA (T_JMA) tends to reduce quicker than that in JTWC (T_JTWC). For example, on 00UTC, November 13, the CI_JTWC (T_JTWC) is 4.5 (3.5), but CI_JMA (T_JMA) is 2.5 (2.5). The percentage of the occurrence at the center of the red circles is drawn when the total number is greater than 300.
From Fig. 2 , we find that both estimations of Tnumber and CI-number from the two datasets are reasonably similar. However these parameters are slightly higher for both T-number and CI-number in the JTWC estimate.
Interannual change of the difference between two datasets
To see such differences in two datasets interannually, we computed the histograms of the differences, T_JTWC T_JMA and CI_JTWC CI_JMA each year from 1987 to 2006. Figure 3 represents the temporal differences in Tnumber and CI-number frequencies between the JTWC and the JMA in each year from 1987 to 2007. As in Fig.  1 , the symbols show the counts and the number for the percentage with respect to the total number of cases (the numbers are only over the red circlers, where the frequencies are over 200).
First, we recognize that there are three characteristic periods in two datasets. The first period is from 1987 to 1989, when the differences in T-number and CInumber between the two datasets are small, but those in the JMA are slightly higher. The second period is from 1992 to 1997, when there are large differences both in T-number and CI-number. During this period, the JTWC gives higher numbers in both T-number and CI-number than those of the JMA. The mean difference in CInumber in this period is 0.43. The third period is after 2000, when the differences become smaller, but the JTWC still gives slightly larger than the JMA for both Dvorak parameters, especially for T-number. Figure 4 is the same as Fig. 2b , but for the CI-number difference in the three periods, 1987 1989 (a), 1992 1997 (b) and 2000 2006 (c) .
CI-number in three periods
To examine the significance of the differences in Tnumber and CI-number between JMA and JTWC, Welch's t-test was performed to the data for each year. Figure 5 shows the t-distribution values, t0 in each year. The degree of freedom is between 281 in 1999 and 864 in 1994. The t-distribution critical value, t, with the degree of freedom of 100 is 1.984 (2.626) for 95% (99%) significant level. Thus, in Fig. 5 , when t0 exceeds 1.984 or 2.626, the difference between JMA and JTWC estimates is significant. As was indicated in Fig. 4 , it is confirmed that during the period of 1992 1997 and 2002 2005, t0 is large, suggesting that the JTWC estimations are significantly higher in this period. Kossin et al. (2007) constructed a new global record of TC intensity and found that in some ocean basins, such as Atlantic, there is an increasing trend of intense TCs in both their new dataset and the National Hurricane Center best track data. However, they found that in other basins, such as the western North Pacific, the existing records in their analysis do not show the trend. In Fig. 2 of their manuscript, we find that over the western North Pacific there are large discrepancies from 1995 to 1997 in Category 4 5 TCs between the JTWC and their new dataset. During this period, JTWC has more Categories 4 and 5 TCs over the basin. Figure 6 is the time series of the percentage of the occurrence of TCs, with greater than the CI-number of 6.5 over the western North Pacific, which corresponds to the figure of Kossin et al. (2007) . Figure 6 reveals a systematic difference in two centers in the mid-90s. It shows another difference in 2002 2005, but these cannot be seen in Kossin et al. (2007) . In Fig. 5 there is also the significant difference (t0 > 5) in 2002 2005.
Discussion
To understand the reason of the discrepancy in TC intensity in the two datasets, we picked up cases with large differences (greater than 2) of Dvorak parameters in each TC, and checked the temporal changes in Dvorak parameters of these cases. The results are presented in Table 2 , for cases of CI_JTWC CI_JMA 2 and Table 3 , for cases of CI_JMA CI_JTWC 2.
From Tables 2 and 3 , we find that there are 6 cases of faster intensification in JTWC (0 case in JMA), and 8 cases of delayed start of weakening in JTWC (1 case in JMA). Typhoon Chebi in Fig. 1a is the case of "Slower Weakening in JTWC" and Typhoon Kyle in Fig. 1b is the case of "Faster Intensification in JTWC".
Conclusion
Dvorak parameters should be similar when the same satellite imageries are used to estimate the same TC intensity. At first, we should compare the Dvorak parameters in both JTWC and JMA datasets, before comparing the final estimated center pressure or maximum wind speed.
By examining tropical cyclone datasets of the JMA and JTWC from 1987 to 2006, significant differences in Dvorak parameters in 1992 Dvorak parameters in 1997 Dvorak parameters in and 2002 Dvorak parameters in 2005 are identified. During this period, the JTWC estimates tend to be higher than the JMA ones. The large different estimation cases in the 20-year period are examined and we found that the reason of the difference is mainly due to the cases of faster intensification or slow/delayed start of weakening in JTWC.
This study suggests that we should be careful if we use the intensity estimates over the western North Pacific, although we still don't know much about the reason of the discrepancies in the Dvorak parameters and we need further understanding of the reason. 
